We perturb the elastic properties and attenuation in the Arctic Mallik methane-hydrate reservoir to produce a set of plausible seismic signatures away from the existing well. These perturbations are driven by the changes we impose on porosity, clay content, hydrate saturation, and geometry. The key is a data-guided, theoretical, rock-physics model that we adopt to link velocity and attenuation to porosity, mineralogy, and amount of hydrate. We find that the seismic amplitude is very sensitive to the hydrate saturation in the host sand and its porosity as well as the porosity of the overburden shale. However, changes to the amount of clay in the sand only weakly alter the amplitude. Attenuation, which may be substantial, must be taken into account during hydrate reservoir characterization because it lowers the amplitude to an extent that may affect the hydrate-volume prediction. The spatial structure of the reservoir affects the seismic reflection: A thinlylayered reservoir produces a noticeably different amplitude than a massive reservoir with the same hydrate volume.
INTRODUCTION
An estimated 7 ϫ 10 5 Tcf of methane is trapped in gas hydrates around the world ͑Kvenvolden, 1993͒. This makes hydrates a potential future energy source and has prompted a recent increase in hydrate research worldwide. Gas hydrate is an icelike crystalline solid formed from water molecules that encase and trap gas molecules. Hydrate develops and is stable at high pressure and low temperature conditions in the sediments of ocean basins and arctic regions. A common seismic manifestation of offshore methane hydrate is a bottom-simulating reflector ͑BSR͒ caused by the impedance contrast between sediment containing solid gas hydrate and underlying sediment containing free gas. A BSR is often located at the base of the gas-hydrate stability zone, below which the temperature is too high for gas hydrate to exist. A BSR is parallel to the water-bottom reflector and has the opposite polarity. Hydrates have also been found onshore beneath permafrost, e.g., in the Mackenzie River delta in Canada. A reflector associated with the base of the hydrate-stability zone onshore is not well pronounced ͑Collett and Dallimore, 2002͒. Rather, the seismic response shows high-and low-amplitude anomalies linked to alternating high-impedance, hydrate-bearing sand and low-impedance sediment without gas hydrate. Although the gas-hydrate reservoir can often be detected and delineated from its high seismic amplitude, rigorous rock-physics treatment can lead to accurate hydrate quantification.
Synthetic seismic modeling is a powerful tool for quantifying a conventional reservoir in terms of lithology and porosity as well as pore fluid and pressure. Usually, an existing well is selected from an area geologically similar to the prospect under examination. Then porosity, lithology, and pore fluid in the well are perturbed according to an anticipated scenario away from the well to create a plausible earth model. The corresponding changes in the elastic properties are calculated, and synthetic traces are generated and compared to real seismic data. The underlying supposition is that if the real and synthetic seismic responses are analogous, the properties and conditions in the subsurface creating these responses are similar as well. Systematic perturbations to the model help create a record of seismic signatures of lithology, porosity, and fluid away from well control, thus setting realistic expectations for reserve detection and quantification as well as helping to optimize the site-specific selection of seismic attributes. The same methodology is applicable to a methane-hydrate reservoir where the main variables are hydrate concentration and distribution as well as the background elastic properties.
To this end, our goal is to show how to forecast the onshore seismic signatures of gas hydrate, depending upon the amount of hydrate in the pore space, thickness and distribution of gas-hydrate layers, as well as the porosity and lithology of a gas-hydrate reservoir. The approach is rock-physics-driven, perturbational, synthetic seismic modeling.
Three elastic interval properties are needed in synthetic seismic generation: the P-and S-wave velocities and bulk density. Inelastic attenuation may affect the amplitude as well. The presence of gas hydrate has been shown to have a noticeable effect on attenuation ͑Guerin and Goldberg, 2002͒ and thus must be accounted for in synthetic seismic generation.
A model that links the velocity and attenuation to basic rock properties and gas-hydrate concentration is a key component of perturbational synthetic seismic modeling. Here we adopt a data-driven, theoretical, rock-physics model that links the elastic moduli and seismic attenuation to mineralogy, porosity, and amount of methane hydrate in the pore space.
This study focuses on a theoretical model based on open-hole data from the Mallik 2L-38 well on Richard's Island in the Mackenzie River Delta, Canada ͑Figure 1͒. By varying the reservoir properties, we produce a catalogue of expected seismic responses from plausible geologic scenarios in proximity to our data source. In addition to exploring the effect of elastic properties on the seismic responses, we also investigate the effect of seismic attenuation in the presence of gas hydrates.
DATA SET
The data used were collected as part of the JAPEX/JNOC/GSC ͑Japan Petroleum Exploration Company/Japan National Oil Company/Geological Survey of Canada͒ gas-hydrate research program to explore hydrate accumulation in the Arctic through the investigation of core samples, well logs, and vertical seismic profiling at the Mallik 2L-38 well ͑Dallimore et al., 1999͒. The well was drilled in 1998 to a depth of 1150 m. The base of the permafrost is at 613 m, and, based on borehole temperature measurements, the base of the hydrate-stability zone is predicted at 1100 m depth. The well is located on an anticline where hydrate accumulation, about 100 m thick and reaching concentrations above 80% of the pore space, rests at the crest of the structure. At Mallik 2L-38, hydrate fills the pore spaces of deltaic, Tertiary, unconsolidated, highly porous sands and gravels that are interbedded with nonhydrate-bearing, silty sediment ͑Uchida et al., 2001; Collett and Dallimore, 2002͒ . At Mallik 2L-38, hydrate occupies clean, blocky sand and fining-upward sequences, and the base of each hydrate interval is marked by a sharp decline in velocity. A layer of free gas below the base of the hydrate-stability zone is approximately 1.5 m thick ͑Collett and Dallimore, 2002͒.
The typical log response identifying the presence of gas hydrate is an increase in both P-and S-wave velocities ͑Figure 1͒ and in electrical resistivity, which are used to obtain the hydrate saturation. The reason for these characteristic responses is that as the hydrate fills the pores, the volume available to the formation water is reduced and the solid hydrate becomes part of the rock frame, thus increasing the elastic moduli of the host rock sediment.
MODEL FOR ELASTIC PROPERTIES
A theoretical model appropriate for predicting seismic signatures at the Mallik location is the Dvorkin et al. ͑2003͒ gas-hydrate model ͑see Appendix A͒, which assumes that sediment is unconsolidated and the hydrate that fills the pore space acts as a component of the load-bearing mineral frame. The hydrate generated in the pore space of the host rock ͑a͒ reduces the pore volume available to water and ͑b͒ alters the elastic properties and density of the newly formed solid frame.
We model the mineral frame to be composed of quartz and clay with zero clay content in the sand and 15% in the shale. The water saturation is determined from the resistivity curve using equations in Collett ͑1998͒. The resulting hydrate saturation of the pore space is between 80% and 90%, slightly exceeding the values reported in Xu and Chopra ͑2003͒.
Other model inputs are listed in Table 1 , where the pore-water bulk modulus and density are determined from the Batzle and Wang ͑1992͒ formulas as a function of temperature ͑15°C͒, pore pressure ͑10 MPa͒, and salinity ͑8000 ppm, according to Cranston, 1999͒ . The elastic moduli and density of the solid hydrate are from Helgerud ͑2001͒. The mineral properties are from Mavko et al. ͑1998͒. Ad- Figure 1 . Measured open-hole, well-log curves from Mallik 2L-38. ͑a͒ Gamma ray. ͑b͒ Water saturation. ͑c͒ Porosity. ͑d͒ P-wave velocity ͑modeled P-wave velocity in red͒. ͑e͒ S-wave velocity ͑modeled S-wave velocity in red͒. ͑f͒ Poisson's ratio.
ditional parameters used in the model ͑such as the critical porosity and coordination number͒ are given in Appendix A. The model curves for P-and S-wave velocities and the resulting Poisson's ratio are superimposed on the data in Figure 1 . The modeled values are close to the measured values except for the short interval at the base of the well. Most importantly, the model honors the salient features of onshore sediment containing gas hydrate and accurately quantifies the observed increase in the elastic-wave velocity from the presence of gas hydrate.
To emphasize the effect of gas hydrate on elastic properties and further assess the validity of the model, we crossplot the P-and S-wave velocities versus the porosity of the mineral frame in Figure  2 . The data points are color coded by gas-hydrate saturation. The model curves overlying data in this figure are calculated in the porosity range between 0% and 40%, each for fixed gas-hydrate saturation and clay content. These curves are in good agreement with the data.
The model thus established enables us to perturb the crucial inputs ͑porosity, lithology, and gas-hydrate content͒ to forward model the seismic signatures of an onshore hydrate reservoir for various geologic scenarios away from well control.
ELASTIC FORWARD MODELING
We use this rock-physics model to identify methane-hydrate-reservoir AVO responses caused by changes in the reservoir and in nonreservoir parameters, and we produce templates that can be used to describe the formation away from the well. The first step is to set the ranges for porosity, clay content, and hydrate saturation in the sediment ͑Table 2͒ to represent situations not encountered within the existing data. Next, we calculate the corresponding elastic properties from the rock-physics model and then plot them in the impedancePoisson's ratio plane. Finally, two points are selected in this plane, one for the overburden and the other for the reservoir, and then the AVO response at this interface is calculated and plotted ͑Figure 3͒.
In this figure, the polygons in the impedancePoisson's ratio plane represent shale, wet sand, gas sand, and sand containing gas hydrate, with porosity, clay content, and hydrate saturation varying within the selected ranges. The shale polygon is colored light blue, and the wet and gas sand polygons are colored dark blue. The hydrate sand polygon is color coded by gas hydrate saturation. This display shows that in sands, the change in the elastic properties increases with increasing hydrate saturation although the increasing clay content ͑up to 20%͒ has a small effect on the elastic properties.
We first model the effect of gas-hydrate saturation on the AVO response ͑Figure 3a͒ by fixing the elastic properties of the overburden shale and computing the reflections at the interface between the shale, wet sand, and sand with high gas-hydrate saturation. The two computed AVO signatures are drastically different from each other. While the shale-wet-sand interface produces a weak Class I AVO response, the shale-gas-hydrate interface produces a strong response.
To characterize theAVO response caused by changes in properties of the overburden ͑Figure 3b͒, we fix the properties of the sand containing gas hydrate and vary the shale properties from very soft shale with high clay content and high porosity to stiffer shale with low clay content and low porosity. The results show that the response is strongly affected by the background earth properties.
Finally, we model the AVO signatures at the interfaces between gas-hydrate sand overlying gas sand and wet sand overlying the same gas sand ͑Figure 3c͒. The AVO response at the interface between gas-hydrate and gas sand belongs to Class IV, while wet sand above gas sand produces a Class II AVO response.
MODELING INELASTIC PROPERTIES (ATTENUATION)
One might expect that waves attenuate less in a stiffer and more in a compliant medium, i.e., seismic energy losses through sediment stiffened by the presence of gas hydrate should be reduced as compared to wet sand and nonreservoir sediment. However, the opposite effect has been observed at many methane-hydrate locations, e.g., the Outer Blake Ridge ͑Guerin et al., 1999; Wood et al., 2000͒ and Mallik ͑Sakai, 1999; Guerin and Goldberg, 2002; Pratt et al., 2003͒. Guerin and Goldberg ͑2002͒ empirically relate the P-wave inverse quality factor ͑Q p −1 ͒ calculated from Mallik 2L-38 log data to the gashydrate saturation ͑S gh ͒ as
This attenuation observed in methane hydrate appears to be intrinsic rather than attributable to scattering of seismic energy by the earth's heterogeneity. Figure 2 . ͑a͒ P-and ͑b͒ S-wave velocities versus porosity of the mineral frame crossplots color coded by gas-hydrate saturation of the pore space. The first four model curves from the top of the figure correspond to zero clay content and hydrate saturation from 80% ͑top͒ to 20% ͑bottom͒ with a 20% decrement. The bold model line is for zero clay content and zero hydrate saturation. The two curves underneath it are for 10% and 30% clay content, respectively, and zero hydrate saturation.
Dvorkin and Uden ͑2004͒ offer a theoretical model that partly explains attenuation observed at methane-hydrate locations. The mechanism used in their model is the macroscopic squirt flow. The most important condition for this flow to develop in well-log, crosswell, and seismic frequency ranges is a large elastic contrast in the rock. The existence of gas hydrate in the pores generates such an elastic contrast. Within the Dvorkin and Uden ͑2004͒ model, the low-frequency compressional modulus of partially saturated rock is estimated by means of Gassmann's fluid substitution using the rock's dry-frame modulus and the harmonic average of the moduli of individual fluid components as the effective bulk modulus of the pore-fluid mix. The high-frequency compressional modulus of the partially saturated rock is estimated by assuming that fluid distribution is irregular. The difference between these two estimates gives rise to noticeable attenuation if elastic heterogeneity in the rock is substantial.
The P-wave inverse quality factor computed according to equation 1 is compared to the theoretical values presented by Dvorkin and Uden ͑2004͒ in Figure 4 . The theoretical values are about 75% of the empirical values. We find this match satisfactory because the model correctly captures the order of magnitude of attenuation and, most important, shows discernable attenuation in sediment containing methane hydrate while the attenuation is small outside of these intervals.
EFFECT OF ATTENUATION ON SYNTHETIC SEISMIC RESPONSE
To investigate the effect of attenuation on seismic response, we calculate synthetic seismic traces at Mallik 2L-38 using a ray-tracing algorithm. We employ a 1D layered earth model where 20 rays are shot, spanning from zero to 48°at the surface and equally spaced by 50 m. The reflection and transmission angles at the interfaces are computed using Snell's law, and then horizontal distance and traveltimes for each ray in each layer are computed via ray tracing. Critical angles and multiples are not accounted for; hence, only primary reflections are computed. Seismic traces are generated by the convolution of a 90-Hz, zerophase Ricker wavelet sampled at 0.4 ms, and the reflection and transmission coefficients are determined from Zoeppritz equations.
The synthetic moveout-corrected gathers computed from the described ray-tracing algorithm are shown in Figure 5 for the earth model with and without P-wave attenuation. In this example, equation 1 is used to estimate Q p −1 . It is clear that attenuation associated with the presence of meth- Figure 3 . Perturbational AVO modeling at an interface between shale and sand. ͑a͒ Wet sand, gas sand, shale, and hydrate sand are mapped onto the P-wave impedance versus Poisson's ratio plane. The hydrate sand polygons are color coded by hydrate saturation. The numbers indicate the interface used in AVO modeling. For example, in ͑a͒ "1-1" corresponds to the interface between shale and wet sand while "2-2" is for shale and a clean hydrate reservoir. ͑b͒ AVO curves calculated at the interface between two elastic halfspaces selected are numbered accordingly. ͑c͒ Gradient versus intercept for the curves displayed in the middle column. Figure 4 . ͑a͒ Gas-hydrate saturation versus depth. ͑b͒ The P-wave inverse quality factor versus depth according to Guerin and Goldberg ͑2002͒, in red, and Dvorkin and Uden ͑2004͒, in blue.
ane hydrate noticeably affects the seismic amplitude. Furthermore, attenuation can possibly serve as a seismic attribute for methane-hydrate reservoir characterization.
MODEL-DRIVEN FORWARD MODELING
A combination of rock physics and synthetic seismic modeling allows us to explore the effects of hydrate amount and spatial distribution on the amplitude.
In the first example, we alter the hydrate saturation in the original well by reducing it by a factor of two in the upper part of the interval, the lower part of the interval, and the entire interval. The resulting traces ͑Figure 6͒ are affected by two competing factors: the elastic contrast between the background and sand containing hydrate and attenuation that increases with the increasing elastic contrast. This example shows that attenuation has to be taken into account when interpreting seismic data for hydrate saturation because the decay of the amplitude with traveltime is similar between the original well data and the case where the amount of hydrate in the lower part of the well is half of the original amount.
In the second example we construct two pseudowells with four relatively thin sand layers with hydrate and two thicker layers. The porosity of the sand is the same in both wells. The methane hydrate saturation is different. However, the total volume of hydrate in the interval ͑the product of sand porosity, hydrate saturation, and sand thickness͒ is the same. The resulting synthetic traces ͑Figure 7͒ indicate that the geometry of the reservoir and hydrate distribution in it affect the seismic response even if the hydrate volume is constant.
CONCLUSION
One approach to interpreting seismic data for the physical state of rock is forward modeling. Lithology, porosity, and fluid in the rock, as well as the reservoir geometry, are perturbed, the corresponding elastic properties are calculated, and then synthetic seismic traces are generated. Then it is assumed that if the seismic response is simi- Figure 5 . Synthetic seismic traces at Mallik 2L-38. The vertical axis is the two-way traveltime. ͑a͒ Gas-hydrate saturation. ͑b͒ Synthetic seismic gather ͑near-, mid-, and far-offset͒ without attenuation. ͑c͒ Synthetic seismic gather with attenuation calculated according to equation 1. Figure 6 . Synthetic seismic traces at Mallik 2L-38 with hydrate saturation perturbed. The vertical axis is the two-way traveltime. Each case is represented by two plots: The hydrate saturation and synthetic amplitude versus the two-way traveltime. In the amplitude frames, the trace calculated without attenuation is black and that with attenuation is red. ͑a͒ The original case. ͑b͒ Hydrate saturation in the upper part of the well is half of the original. ͑c͒ Hydrate saturation in the lower part of the well is half of the original. ͑d͒ Hydrate saturation in the entire interval is half of the original. Frequency is 40 Hz. lar, the properties and conditions in the subsurface that give rise to this response are similar as well. Systematically conducted perturbational forward modeling helps create a catalog of seismic signatures of lithology, porosity, and fluid away from existing wells, and by so doing, sets realistic expectations for hydrocarbon detection and optimizes the selection of seismic attributes in an anticipated depositional setting. Although fluid substitution methods are well tested and commonly used, lithology and porosity substitution is much more challenging because it requires the use of a site-specific, yet general, rock-physics model.
Here we show how to conduct such perturbational modeling in a methane-hydrate reservoir. A critical component of this workflow is a rational theoretical and data-driven rock-physics model. Once such a model is established, it can be used to systematically produce synthetic seismic traces by changing porosity, mineralogy, geometry, and hydrate saturation within any geologically plausible ranges. The several examples presented here by no means cover all these ranges. They are only samples of a physics-based methodology that enables methane-hydrate reservoir characterization by careful and orderly forward modeling.
Even these few examples teach us that ͑a͒ the geometry of the reservoir and hydrate distribution in it affect the seismic response; ͑b͒ attenuation has to be taken into account during hydrate-reservoir characterization; and, most importantly, ͑c͒ the competing effects of elastic contrast, geometry, and attenuation make seismic interpretation nonunique. This nonuniqueness must be acknowledged and built into interpretational workflows.
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APPENDIX A ROCK-PHYSICS MODEL FOR SEDIMENT CONTAINING GAS HYDRATE
The basis of our model is the Dvorkin et al. ͑1999͒ model, which relates the elastic moduli of high-porosity, ocean-bottom sediments to porosity, pore-fluid compressibility, mineralogy, and effective pressure. We summarize this model below.
At the critical porosity c ͑ c = 0.36 − 0.43, according to Nur et al., 1998͒, we calculate the effective bulk K HM and shear G HM moduli of the dry rock frame using the Hertz-Mindlin contact theory ͑Mind-lin, 1949͒. According to this theory, the radius a of the contact circle between two spherical elastic grains of radius R is
͑A-1͒
where P is the differential pressure; G and are shear modulus of the solid phase and its Poisson's ratio, respectively; and n is the average number of contacts per grain in the sphere pack ͑from six to nine, according to Dvorkin and Nur, 1996͒ . The normal and tangential contact stiffness ͑S N and S T , respectively͒ between these two grains are S N = 4aG 1 − , S T = 8aG 2 − .
͑A-2͒
The effective bulk and shear moduli of the dry frame of the grain pack are K HM = n 1 − c 12 S N , G HM = n 1 − c 20 ͩS N + 3 2
S T ͪ. ͑A-3͒
The above expression for the tangential stiffness is valid if there is perfect adhesion between the grains. This stiffness may reduce to zero if friction between the grains is absent. To account for possible slippage at the grain interface, we introduce an ad hoc reduction factor for S T , so that now we use S T / instead of S T in equation A-3.
For porosity below critical, the bulk K dry and shear G dry moduli of the dry frame are calculated via the modified lower Hashin-Shtrikman ͑H-S͒ bound ͑Dvorkin and Nur, 1996͒:
where i is the density of the ith constituent. The differential pressure is calculated as the difference between the lithostatic and hydrostatic pressure: P = ͑ b − w ͒gD, where b is sediment bulk density, w is water density, g is the acceleration from gravity, and D is depth below the seafloor.
We account for the presence of gas hydrate by assuming that it is part of the dry frame and acts to reduce porosity and alter the solidphase elastic properties. The volumetric concentration of gas hydrate in the pore space is given by S h = C h /, where C h is the volumetric concentration of hydrate in the rock.
Hydrate is modeled as a load-bearing component of the frame. It reduces the original porosity to = − C h and changes the effective mineral modulus as calculated in equation A-7, where f i should now be replaced by
͑A-9͒
Gas hydrate has to be treated as an extra mineral component with fraction f h given by
͑A-10͒
The critical porosity used in the application of this model to the Mallik well is 0.43, the coordination number is 8, and the reduction factor is 2.
